Abstract Background: Long-term results after total knee replacement (TKR) with conventional and compressionmolded polyethylene (PE) have been excellent. The introduction of highly cross-linked polyethylene (XLPE), which has demonstrated superior wear properties in total hip replacement (THR), has led to its recent use in TKR. However, the knee has a unique biomechanical environment characterized by large contact stresses and shear forces and differs from the highly conforming articulation (and primarily abrasive and adhesive wear) found in THR. For this reason, XLPE, with its decreased fatigue resistance and toughness compared to PE, may not be the best material to withstand these unique forces. Questions: This review and evaluation of the literature aims to answer the following questions. What are the advantages and disadvantages of XLPE in TKR? Does its success in THR ensure a favorable outcome in TKR? Does the increased cost of XLPE justify its use in TKR? Methods: A systematic literature review of MEDLINE, Science Direct, and Google Scholar databases was performed searching for advantages and disadvantages of XLPE in TKR. We found 18 biomechanical in vitro investigations and 3 clinical studies comparing conventional and XLPEs. We included levels I through IV published articles in peer-reviewed journals in English language. Results: Several in vitro studies found XLPE to have significantly better wear properties compared to conventional PE. However, the two clinical investigations that directly compared conventional PE and XLPE found no difference in clinical or radiographic outcomes. Additionally, clinical studies with long-term follow-up on TKR with conventional PE did not find wear-induced osteolysis to be a major cause of failure. Four studies did find cost to be significantly higher for XLPE compared to conventional PE. Conclusions: Based on our review, we concluded that (1) the material properties of XLPE reduce adhesive and abrasive wear, but not the risk of crack propagation, deformation, pitting, and delamination found in TKR; (2) wear-induced osteolysis in TKR has not been found to be a major cause of failure at long-term follow-up; (3) mid-term follow-up studies show no difference in any recorded outcome measure between conventional PE and XLPE; and (4) XLPE is two to four times the cost of conventional PE without an improvement in clinical or radiographic outcomes. For these reasons, we currently cannot recommend the use of XLPE in TKR. Conventional compression-molded polyethylene with its outstanding long-term results should remain the material of choice in TKR.
Introduction
Total knee replacement (TKR) is a successful treatment for disabling knee arthritis, and many studies document the outstanding long-term results with first-and second-generation implant designs [31, 49, 50] . Ultrahigh molecular weight polyethylene (UHMWPE) remains the gold standard bearing surface for the tibial and patellar components. Improvements in wear characteristics and mechanical properties of UHMWPE have been made since the original polyethylene used in TKR. The UHMWPE initially used in these implants was compression molded followed by conventional gamma irradiation-in-air polyethylene (PE). Compression molding enhanced wear properties and longevity [20, 54] . However, two setbacks in the development of UHMWPE included use of carbon fiber reinforcement (Poly II, Zimmer, Warsaw, IN, USA) and use of highly crystalline UHMWPE (Hylamer, DePuy DuPont, Warsaw, IN, USA), which both failed clinically despite preclinical in vitro testing demonstrating their safety and effectiveness [2, 32, 41] .
Cross-linked polyethylene (XLPE) is a modified form of UHMWPE that has higher cross-link density achieved by irradiation beyond that necessary for sterilization and thermal treatment [27] . Gamma (γ) or electron beam irradiation breaks intermolecular bonds and generates free radicals that promote cross-linking across multiple polymer chains and increases the PE density. However, reactions of the residual free radicals with oxygen in an ambient environment induce a reduction in the molecular weight of the PE that compromises its mechanical properties. Post-irradiation thermal treatments have been devised to reduce the concentration of residual free radicals and enhance oxidative stability. With remelting, the crystalline structure of PE is converted to the amorphous phase, thus allowing the recombination and elimination of free radicals and significant improvement of the oxidative stability and resistance to abrasive and adhesive wear [11, 46] . However, remelting reduces crystallinity, adversely affecting mechanical properties including fatigue strength. Conversely, annealing at temperatures below the melting point preserves the mechanical properties, but leaves behind residual free radicals and thus the potential for increased oxidation in vivo after implantation [11, 39] .
Second-generation XLPE is produced by two methods: thermal treatment (consisting of sequential irradiation and annealing) or by anti-oxidant agents (vitamin E), both of which eliminate the remelting process while maintaining oxidative resistance [7, 35, 44, 48] . The method of final sterilization and packaging is also important, since late oxidation of XLPE may occur in the presence of oxygen [29, 32, 33] .
Several biomechanical and clinical studies comparing XLPE and conventional PE in total hip replacement (THR) found XLPE results in a significant reduction in abrasive and adhesive wear [12] [13] [14] . Midterm clinical follow-up studies show minimal bearing surface wear of~0.01 mm/year and no radiographic evidence of osteolysis at 10 years [11, 51] . The superior performance of XLPE in THR has led to its use in TKR. However, the unique biomechanical environment seen in TKR, characterized mainly by larger contact stresses and shear forces, differs from the highly conforming articulation and primarily abrasive and adhesive wear found in THR. For this reason, XLPE, with its decrease fatigue resistance and toughness compared to PE, may not be the best material to withstand these unique forces.
With this controversy in mind, we conducted a systematic review of the literature to address the following questions: (1) what are the advantages and disadvantages of highly cross-linked polyethylene?; (2) does its success in THR indicate a similar favorable outcome in TKR?; and (3) does the increased cost of XLPE justify its use in TKR?
Search Strategy and Criteria
We conducted an extensive review of the English-language literature using the MEDLINE, ScienceDirect, EMBASE, and Google Scholar databases and identified all relevant publications referencing the use of XLPE in TKR. Title and abstract fields were queried using the following search terms with the limit "English language": cross*link* We identified 18 papers that presented experimental analyses of the biomechanical properties of the XLPE [3-5, 10, 11, 17-19, 21, 26, 28, 29, 35-39, 46, 48, 52-54] . Five compared the resistance to crack initiation and propagation between XLPE and conventional compression molded PE [18, 19, 21, 42, 48] . Eight studies reported on the improved wear resistance in second-generation XLPE, particularly with the addition of antioxidants (vitamin E) [1, 7, 9, 15, 24, 28, 44, 45] . Three focused on retrieval analyses [8, 9, 40] . Only three papers reported on the clinical outcome of XLPE in TKR [25, 30, 34] . Two case reports showing early failure of the patellar component were included in a separate category [23, 53] . One group of authors suggested that the smaller diameter wear particles produced by XLPE may have different biological reactivity [17] . Four studies directly or indirectly discussed cost [6, 7, 22, 51] .
Results

What are the Advantages and Disadvantages of Highly Cross-Linked Polyethylene and Does Its Success in THR Ensure a Favorable Outcome in TKR?
Cross-linking improves wear resistance of the bearing surface over that of conventional UHMWPE. However, this process generates free radicals, which induce oxidative degradation of the polymer through a reduction of its molecular weight that compromise its mechanical properties and long-term performance [27, 29] . This is prevented by a post-irradiation thermal treatment of the PE, which enhances its oxidative stability [29, 39] . Thermal treatment and the process of terminal sterilization and packaging is also a variable that may affect long-term performance of different XLPEs in vivo [21] .
The femoro-acetabular articulation in a THR is a highly conforming ball-socket joint that produces characteristic abrasive and adhesive bearing surface wear [43, 54] . In contrast, the femorotibial articulation of a TKR, with its sliding and rolling motions, is less conforming and creates shear and contact stresses not seen in the hip. Tensile stress near the edges of the PE insert and subsurface shear stress along the articulating contact area produces pitting and delamination, a type of PE wear found specifically in TKR. In addition, the cyclic motion of the knee creates residual stresses that contribute to fatigue and failure [20] .
Due to the low conformity and small contact area of the femoral component on the tibial PE, peak contact stresses during activities of daily living may exceed the yield strength of PE (18) (19) (20) [16, 54] . These excessive forces may result in plastic deformation and consequently alter surface geometry and negatively affect alignment and stability. Altered load distribution between medial and lateral plateaus may then produce even more PE wear. XLPE with its decreased toughness, ductility, and resistance to fatigue makes it more susceptible to failure under these conditions [29] .
Compression-molded PE undergoes irradiation at a lower level than XLPE (2.5-4 vs 5-10 mrad). At this radiation dose, conventional PE undergoes some cross-linking without significantly altering its mechanical properties or yield strength [54] . Burnishing, delamination, and pitting are the types of wear found in conventional PE implants [16, 38, 54] . In contrast, XLPE shows gross damage from focal increased loads commonly around the tibial intercondylar post and peripheral PE margin [16, 20, 52] . In the most severe cases fracture of the tibial post and PE plateau have been documented. The decreased fatigue strength and ductility of XLPE increase its susceptibility to such types of failure ( Figs. 1 and 2) .
Two clinical studies directly compare clinical and radiographic outcomes between conventional PE to XLPE in TKR. Hodrick et al. compared gamma-inert-sterilized PE to Durasul® XLPE in a cruciate retaining (CR) knee design (Natural Knee®, Zimmer) with the rate of revision as the primary outcome measure [25] . One hundred cases in each group at a mean follow-up of 7.6 years for conventional PE and 6.3 years for XLPE showed no significant difference in rate of revision. In the second clinical trial, 89 TKRs using NexGen® CR implants with Prolong® (Zimmer) XLPE were compared to 113 knees using NexGen® CR with a conventional PE insert [34] . At short-term follow-up of 2 years, there were no revisions or radiographic evidence of osteolysis. Clinical outcomes were similar with no significant difference in Knee Society Score and ROM.
Does the Increased Cost of XLPE Justify Its Use in TKR?
First-and second-generation XLPE costs two to four times as much as conventional compression molded PE [6, 22] . Gioe et al. compared 3,462 "standard" TKRs to 2,806 "premium" TKRs (including XLPE inserts in the premium group) and documented that the premium implants were more expensive (by up to $1,000) without a difference in the cumulative revision rate at 7-8 years [22] . Other reports showed no difference in clinical function or survival in XLPE compared to lower cost conventional PE [31, 47, 49, 50] .
Discussion
We performed a comprehensive literature search of both biomechanical and clinical studies assessing the advantages and disadvantages of XLPE versus conventional PE in TKR. Our secondary goal, based on these findings, was to determine if the increased cost of XLPE is justified.
Our systematic review of the literature has limitations. There are several studies on first generation XLPE while the literature on vitamin E infused second-generation XLPE is limited and, for this reason, the current review focuses on first generation XLPE. Differences in the type of PE resin, radiation dose, and postradiation thermal treatment produce XLPEs with different physical and mechanical properties, making interstudy comparisons difficult. In addition, clinical outcomes of XLPE in TKR are limited to short-and midterm follow-up time periods. The cost of first and second generation XLPE is difficult to calculate because the femoral and tibial components are included in the cost analyses of most studies. While not a formal meta-analysis and despite these limitations, this paper provides a systematic review of the literature discussing the use of XLPE versus conventional PE in TKR.
Biomechanical testing of XLPE, while extensively studied, lacks homogeneity. A lack of uniform testing conditions makes it difficult to compare XLPE across experimental studies [11, 27, 47] . Biomechanical testing on knee simulators may not accurately reproduce native joint motion because knee kinematics consists of a complex interplay of rolling, sliding, and rotation that is difficult to imitate in vitro [11, 30, 54] . Interstudy variations in cumulative load and total number of cycles (per million) may affect wear patterns and make it difficult to compare XLPE performance [30] . The current literature on biomechanics in hip and knee simulators measures abrasive and adhesive wear rather than delamination and pitting, which prioritizes the wear pattern found in the hip rather than the knee [30, 36, 37] . These in vitro simulator studies may overestimate the recorded reduction in PE wear since the testing conditions assume optimal alignment and ligament balance and a lack of third body wear (i.e., bony particles, cement, etc.) [16, 29, 30] . For all these reasons, biomechanical in vitro simulation data and its proposed benefits in vivo should be met with caution.
The evolution of PE includes several designs with reported in vitro success but resulted in catastrophic clinical failures. Two such examples are the Poly II (PE with carbon fibers) and Hylamer (PE gamma irradiated in air), which both excelled in biomechanical testing but failed clinically [2, 20, 41] . These recent PE failures suggest that purported design benefits should be critically evaluated and met with caution before widespread in vivo implementation.
With each gait cycle, the PE insert must withstand the biomechanical environment of a total knee replacement, which includes peripheral contact and subsurface shear stress and significant forces against the tibial post. Crosslinking of PE, which improves resistance to adhesive and abrasive wear, decreases the toughness, ductility, and resistance to fatigue, which may lead to eventual failure of the PE. The increased "brittleness" of the XLPE in TKR makes it a higher risk for crack propagation and component failure. For this reason, ideal cross-linking for PE in TKR should be less than in THR and "moderately-crossed-linked polyethylenes" may be best suited for a TKR [10, 29, 30] . Reduced cross-linking requires a decrease in radiation dosage and should not exceed 7.5 mrad if "moderately" cross-linked PE is desired [30] . In order to maintain ductility and toughness during cross-linking, sequential annealing, which includes multiple sessions of irradiation and annealing, is preferred to a single session of post-irradiation treatment [15, 27, 30, 35] . Other types of second-generation XLPEs use the antioxidant vitamin E in order to reduce residual free radicals after irradiation. Vitamin E is added to PE in two ways: (1) by diffusion in which vitamin E is blended with PE powder or (2) by the addition of vitamin E after radiation and cross-linking. Moderately crossed-linked second-generation XLPE has the theoretical benefits of maintained toughness and fatigue resistance combined with superior resistance to adhesive and abrasive wear. However, shortterm follow-up has yet to demonstrate a clinical benefit. In addition, second-generation XLPE may produce secondary negative effects of unknown significance. For example, the intra-articular and systemic effects of higher vitamin E XLPE dosages are unknown [1, 7, 20, 24, 28, 44, 45] . And while XLPE clearly demonstrates a reduction in the number of wear particles produced in vitro, the submicron (<0.15 μm) particle size may increase biologic response and stimulate a more aggressive macrophage and osteoclast reaction [47, 52] . Whether this will produce clinically significant periprosthetic osteolysis is unknown and has not been documented at short-term follow-up [7, 32, 52] .
Long-term clinical data demonstrates excellent performance of compression molded PE. A recent publication on the monoblock compression molded tibial PE insert in young patients reported implant survivorship of over 90% at 20 years [49] . The authors concluded that this should be viewed as an expectation and benchmark for component performance in the future.
Clinical studies comparing XLPE with the conventional PE are limited [25, 34] . One study with 2-year follow-up found no significant difference in any outcome measure between XLPE and conventional compression molded PE [34] . Early retrieval studies demonstrate no difference in either articular or backside surface damage scores [17, 27, 46] . In addition, the use of XLPE in posterior stabilized and constrained condylar knee designs should be limited until it has been shown to withstand the accumulated stresses across the tibial post without evidence of failure [25, 30, 47, 52] . Other areas of high shear stress have resulted XLPE failures included the pegs of the patella component [23, 53] .
The current literature on XLPE does not support its use as a cost-effective implant. While two to four times the cost of conventional PE, the increased cost of XLPE is rarely reported in the literature. Most studies that report a cost-based analysis of XLPE in THR include acetabular and femoral components and make it difficult to isolate the contribution of XLPE to the total cost. Moreover, it has to be mentioned that implants reported as "premium" include a wide variety of bearing and implant designs (i.e., mobile bearing, high flexion designs, and oxidized zirconium implants) making findings regarding the cost effectiveness of each one inconclusive and probably misleading. In the current era of cost containment, premium pricing of XLPE compared to conventional PE would be hard to justify without evidence of improved survival or clinical benefit. Until longer-term follow-up studies are available, XLPE should be considered an expensive technology and limited to a cohort of younger individuals who may benefit from the theoretical advantages of second-generation "moderately" crossed-linked XLPE.
In summary, based on the current literature, the benefit of XLPE in TKR is unknown. Biomechanical testing of XLPE in vitro has been shown to be superior but translation to the in vivo biomechanical environment of the knee may produce inferior results. Second-generation XLPE has made progress in balancing the competing priorities of resistance to abrasive and adhesive wear while maintaining the resistance to fatigue required in TKR PE. Whether these recent advances in second-generation XLPE will produce clinical and radiographic benefits has yet to be seen at short-term follow-up. The current excellent performance of conventional PE in TKR establishes a benchmark for comparison and further studies comparing the use of XLPE and conventional PE with longer-term follow-up are required before the increased cost of XLPE can be justified. Until then, the authors support the limited use of XLPE in a younger patient population and recommend continued use of conventional PE as the implant material of choice in patients undergoing TKR. Human/Animal Rights' This article does not contain any studies with human or animal subjects performed by any of the authors.
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